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Abstract:

Traditional (t) non-steroidal anti-inflammatory drugs (NSAIDs) and selective cyclooxygenase (COX)-2 inhibitors (coxibs) are im-

portant and efficacious drugs for the management of musculoskeletal symptoms. These drugs have both beneficial and adverse ef-

fects due to the inhibition of prostanoids. Although the tNSAID and coxib inhibition of COX-2-dependent prostaglandin (PG)E�

production is effective in ameliorating symptoms of inflammation and pain, a small but consistent increased risk of myocardial in-

farction has been detected in association with their use. Convincing evidence suggests that cardiovascular toxicity associated with

the administration of these compounds occurs through a common mechanism involving inhibition of COX-2-dependent prostacy-

clin. The development of biomarkers that predict the impact of NSAIDs on COX-1 and COX-2 activities in vitro, ex vivo and in vivo

has been essential to read-out the clinical consequences of the varying degrees of inhibition of the two COX-isozymes in humans.

Whole blood assays for COX-1 and COX-2 might be candidates as surrogate end-points of toxicity and efficacy of NSAIDs. Using

a biomarker strategy, we have shown that the degree of inhibition of COX-2 and the functional selectivity with which it is achieved

are relevant to the level of cardiovascular hazard from NSAIDs and relate to drug potency (exposure). We propose that the assess-

ment of COX-2 in whole blood ex vivo, either alone or in combination with urinary levels of 2,3-dinor-6-keto-PGF�� a biomarker of

prostacyclin biosynthesis in vivo, may represent a valid surrogate end-point to predict cardiovascular risk for functionally selective

COX-2 inhibitors.
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Abbreviations: AA – arachidonic acid, COX – cyclooxyge-

nase, cPGES – cytosolic PGE synthase, GI – gastrointestinal,

HO-1 – heme-oxygenase-1, HUVECs – human umbilical vein

endothelial cells, IL – interleukin, IP – prostacyclin receptor,

LPS – bacterial endotoxin, LSS – laminar shear stress, MI – myo-

cardial infarction, PG – prostaglandin, PGI� – prostacyclin,

PMA – phorbol myristate acetate, RCTs – randomized clinical

trials, RR – relative risk, Ser – serine, SNPs – single-nucleotide

polymorphisms, THIN – The Health Improvement Network,

TNF – tumor necrosis factor, tNSAIDs – traditional non-

steroidal anti-inflammatory drugs, TX – thromboxane

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are

an important and efficacious class of drugs for the

management of musculoskeletal symptoms. These

compounds cause both beneficial and adverse effects

due to the inhibition of prostanoids [12, 37].

Prostanoids are biologically active derivatives of ara-
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chidonic acid (AA) released from membrane phos-

pholipids by phospholipases [14]. AA is transformed

into prostaglandin (PG)H2, through the activity of cyclo-

oxygenase (COX) enzymes (i.e., COX-1 and COX-2).

PGH2 is subsequently metabolized by terminal syn-

thases into the biologically active prostanoids, such as

prostacyclin (PGI2), PGD2, PGF2�, PGE2 and throm-

boxane (TX)A2 [14, 17]. In particular, the isomeriza-

tion of PGH2 to PGE2 is catalyzed by three different

isomerases: a cytosolic PGE synthase (cPGES) and two

membrane-bound PGESs, mPGES-1 and mPGES-2

[22]. Of these isomerases, cPGES and mPGES-2 are

constitutive enzymes whereas mPGES-1 is mainly an

induced isoform.

COX-1 and COX-2 have the same catalytic ac-

tivities: cyclooxygenase and peroxidase [34, 38]. How-

ever, the two isoforms of COX are the products of dif-

ferent genes. The COX-1 gene is considered a “house-

keeping gene” by virtue of the constitutively low lev-

els of expression in most cell types. In contrast, the

gene for COX-2 is a primary response gene with mul-

tiple regulatory sites. COX-2 expression can be rap-

idly induced by bacterial endotoxin (LPS), cytokines

(such as interleukin (IL)-1� and tumor necrosis factor

(TNF)-�), growth factors, and the tumor promoter

phorbol myristate acetate (PMA) [19]. COX-1-

dependent prostanoids play an essential homeostatic

role in gastrointestinal (GI) cytoprotection [20, 30,

39], while COX-2-dependent prostanoids play domi-

nant roles in pathophysiologic processes, such as in-

flammation [6, 9]. Several lines of evidence suggest

that the main mechanism of action for traditional

(t)NSAIDs and NSAIDs selective for COX-2 (named

coxibs), used for the treatment of pain and inflamma-

tory joint disease, is the inhibition of COX-2-

dependent PGE2 [11]. Inhibition of constitutively ex-

pressed COX-1 in the GI tract and presumably in

platelets by tNSAIDs seems to play a role in the in-

creased risk of upper GI bleeding/perforation [30].

Proof of concept of this hypothesis came from the

finding that reduced incidence of serious GI adverse ef-

fects has been shown for two COX-2 inhibitors, such as

rofecoxib and lumiracoxib, when compared to tNSAIDs

in large randomized clinical trials (RCTs) [3, 33].

Although the inhibition of COX-2-dependent PGE2

production by tNSAIDs and coxibs is effective in

ameliorating symptoms of inflammation and pain,

a small but consistent increased risk of myocardial in-

farction (MI) has been detected in NSAID users [15,

16, 26]. Increased incidences of thrombotic events

have been detected in placebo-controlled trials in-

volving the COX-2 inhibitors celecoxib, rofecoxib

and valdecoxib [4, 24, 25, 35]. However, the results of

observational studies and a meta-analysis of data de-

rived from trials with coxibs have shown that the car-

diovascular hazard is also related to some tNSAIDs,

such as diclofenac [15, 18, 21]. Convincing evidence

suggests that cardiovascular toxicity associated with

the administration of NSAIDs selective for COX-2

and some tNSAIDs occurs through a common mecha-

nism involving the inhibition of COX-2-dependent

prostacyclin.

Pharmacology of NSAIDs

The biochemical selectivity of COX inhibitors for

COX-2 has been assessed in the past using different in

vitro assays. These experiments yielded variable re-

sults depending on the assay used. In fact, several

variables may affect the heterogeneity of the results,

including the concentrations of exogenous AA, the

lack of plasma proteins, and different types of isolated

enzyme [5]. To overcome the variability associated

with these assays, the human whole blood assays

were developed. They are considered the gold stan-

dard method to assess the biochemical COX-2 selec-

tivity of the drugs.

These assays are based on the measurement of

PGE2 production in response to a 24-h incubation of

LPS with heparinized blood samples, which reflects

the time-dependent induction of COX-2 in circulating

monocytes [27]. A parallel measurement of TXB2

production during whole blood clotting is used as an

index of platelet COX-1 activity [29]. The human

whole blood assay allows the evaluation of the effects

of drugs on platelet COX-1 and monocyte COX-2

both in vitro and, more importantly, ex vivo, after the

administration of the drugs in humans. In vitro it is

possible to define the experimental COX-2 selectivity

obtained based on the assessment of IC50 values, the

concentration of the drug required to inhibit COX ac-

tivity by 50%, for COX-1 and COX-2 and the calcula-

tion of COX-1/COX-2 IC50 ratios. However, this de-

scribes only a chemical feature of NSAIDs. The same

assays can be used to evaluate the achieved COX-2

selectivity of the drug at plasma concentrations. This

information is critical for interpreting and possibly
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predicting the clinical consequences of NSAID ad-

ministration because the degree of inhibition of

COX-1 and COX-2 in vivo is dose-dependent.

Cardiovascular hazard of NSAIDs

It has recently been shown that patients taking

NSAIDs, both coxibs and tNSAIDs, had a 35% in-

creased risk of non-fatal MI [relative risk 1.35, (95%

CI), 1.23 to 1.48] [15]. This elevation of risk in-

creased with increasing treatment duration and daily

dose. Using a translational medicine approach, from

proof of concept in cells and experimental animals to

studies in humans, it was possible to show that the in-

hibition of COX-2-dependent prostacyclin is the most

plausible mechanism for the increase in cardiovascu-

lar hazard by NSAIDs.

COX-2 is one of the endothelial genes upregulated

by uniform laminar shear stress (LSS), which is char-

acteristically associated with atherosclerotic lesion-

protected areas [36]. We have recently shown that

COX-2 protein was significantly induced in human

umbilical vein endothelial cells (HUVECs) exposed

to steady LSS [10]. This was associated with a signifi-

cant increase of 6-keto-PGF1�, the hydrolysis product

of prostacyclin. In contrast, the TNF-�, a proathero-

genic cytokine, released in the medium or detected in

cell lysates was significantly reduced compared to the

static condition. This was associated with a coincident

induction of heme oxygenase (HO)-1, an antioxidant

enzyme. The LSS-dependent reduction of TNF-� pro-

duction and the induction of HO-1 were both inhibited

by the selective COX-2 inhibitor NS-398, the nonse-

lective COX inhibitor aspirin, and the specific prosta-

cyclin receptor (IP) antagonist RO3244794. This il-

lustrates the central role played by LSS-induced

COX-2-dependent prostacyclin in the modulation of

endothelial inflammation [10]. Thus, inhibition of

COX-2-dependent prostacyclin might contribute to

the acceleration of atherogenesis in patients taking

tNSAIDs and NSAIDs selective for COX-2 through

the down-regulation of HO-1 and the resulting in-

crease of TNF-� production in human endothelial

cells [10].

In mice, it has been demonstrated that endothelial

COX-2-dependent prostacyclin modulates thrombosis

induced in vivo by photochemical injury to the vascu-

lature [8] using multiple approaches: the administra-

tion of the COX-2 selective inhibitor DFU, deletion

of IP and specific deletion of COX-2 in endothelial

cells.

Single-nucleotide polymorphisms (SNPs) within

the IP receptor gene have been identified. Interest-

ingly, the R212C variant is associated with defective

prostacyclin signaling. Arehart et al. [2] have shown

that patients who are carriers of the SNP R212C show

an increased propensity towards cardiovascular dis-

ease and events, analogous to the effects of COX-2 in-

hibition.

The increased incidence of thrombotic events asso-

ciated with the profound inhibition of COX-2-

dependent prostacyclin might be mitigated, by a com-

plete suppression of platelet COX-1 activity [16, 26].

This complete and permanent suppression of platelet

COX-1 activity is mandatory to obtain the cardiopro-

tective effects because a nonlinear relationship exists

between the inhibition of platelet TXA2 production

and the inhibition of TXA2-mediated platelet aggre-

gation. As a result, an inhibition of over 95% of

COX-1 activity is required to influence platelet func-

tion [32]. In fact, even very small concentrations of

TXA2 have been shown to cause platelet activation

[23, 31].

Aspirin is the only NSAID that has been shown to

reduce non-fatal cardiovascular disease events (25 to

30%) and fatal events (10 to 15%) in RCTs of secon-

dary prevention [1]. This is because aspirin, but not

other NSAIDs, is an irreversible inhibitor of platelet

COX-1 activity. This inhibition occurs through acety-

lation of a specific serine residue (Ser529) of human

COX-1, which translates into an almost complete sup-

pression (> 95%) of platelet capacity to produce

TXA2 at low doses throughout the 24-hour dosing in-

terval. In contrast, tNSAIDs, which are reversible in-

hibitors of platelet COX-1, generally cause an incom-

plete and intermittent inhibition of platelet TXA2.

Clinical studies have shown that this reversible inhibi-

tion may be inadequate to prevent cardiovascular

events [28].

These findings led us to introduce the concept of

functional COX-2 selectivity, with respect to plate-

lets, by NSAIDs [15]. This is a feature of drugs that

suppress COX-2 in the presence of an insufficient re-

duction of platelet COX-1 activity (< 95%) to trans-

late into inhibition of platelet function. The vast ma-

jority of NSAIDs are functionally selective for

COX-2 at therapeutic doses [15]. With the exception
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of aspirin, the only NSAID that lacks functional

COX-2 selectivity in platelets is naproxen, and this is

only seen at high doses in some individuals [7].

Due to the fact that most tNSAIDs are functionally

selective for COX-2, they may confer cardiovascular

hazard. We hypothesized that within this group the

degree of inhibition of COX-2, due to either potency

or the length of drug exposure, might be an important

determinant. Thus, to address this important issue, we

performed a population-based retrospective cohort

study with nested case-control analysis using data

from The Health Improvement Network (THIN) data-

base in the United Kingdom [15]. First, we established

the cardiovascular safety profile for specific individ-

ual NSAIDs. Then, we addressed the hypothesis that

the degree of inhibition of whole blood COX-2 in vi-

tro, as measured by plasma concentrations, corre-

sponding to the average NSAID therapeutic dose in

patients, an index of drug potency/exposure, could be

used to predict the relative risk (RR) of MI observed

in the general population for each individual NSAID

that was functionally selective for COX-2. We found

that the extent of COX-2-dependent prostacyclin inhi-

bition may represent an independent key determinant

of the increased risk of MI among NSAIDs with non-

functional suppression of platelet COX-1, a property

shared by coxibs and most tNSAIDs. We also found

that the assessment of whole blood COX-2 may repre-

sent a surrogate end-points to predict the cardiovascu-

lar risk of these drugs. Interestingly, individual NSAIDs

with a degree of COX-2 inhibition < 90% at therapeu-

tic concentrations presented a RR of 1.18 (95% CI,

1.02–1.38), while those with a greater COX-2 inhibi-

tion had a RR of 1.60 (95% CI, 1.41–1.81) [15].

Perspectives

The development of biomarkers capable of predicting

the impact of NSAIDs on COX-1 and COX-2 activi-

ties in vitro, ex vivo and in vivo has been essential to

understanding the clinical consequences of varying

degree of inhibition of COX-isozymes in humans.

Whole blood assays for COX-1 and COX-2 might

be candidates for monitoring levels of toxicity and ef-

ficacy of NSAIDs. Using a biomarker strategy, we

have shown that, within the group of functionally

COX-2 selective NSAIDs with respect to platelets

(coxibs and most tNSAIDs), the degree of inhibition

of COX-2 is relevant to the cardiovascular hazard

from NSAIDs and relates to drug potency (exposure).

Thus, a reduction of the dose is recommended and

will presumably limit the number of patients exposed

to a cardiovascular hazard by NSAIDs. It will not,

however, eliminate the risk on an individual level due

to the marked variability in how different people react

to these drugs, based on their genetic background

[13]. Further studies should be performed to verify

whether the assessment of whole blood COX-2 ex

vivo, either alone or in combination with the measure-

ment of urinary levels of 2,3-dinor-6-keto-PGF1�

(a biomarker of prostacyclin biosynthesis in vivo), in

association with genetic biomarkers, such as polymor-

phisms in the IP receptor, may represent valid surro-

gate end-points to predict cardiovascular risk for

functionally selective COX-2 inhibitors.
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